Objective: To investigate whether genetics, underlying pathology, or repeated seizures contribute to atrophy in specific white matter tracts. Methods: Medically refractory unilateral temporal lobe epilepsy (TLE) with hippocampal sclerosis (HS-TLE, n 5 26) was studied as an archetype of focal epilepsy, using fixel-based analysis of diffusion-weighted imaging. A genetic effect was assessed in first-degree relatives of HS-TLE subjects who did not have epilepsy themselves (HS-18Rel; n 5 26). The role of disease process was uncovered by comparing HS-TLE to unilateral TLE with normal clinical magnetic resonance imaging (MRI-neg TLE; n 5 26, matched for seizure severity). The effect of focal seizures was inferred from lateralized atrophy common to both HS-TLE and MRI-neg TLE, in comparison to healthy controls (n 5 76). Results: HS-1 8Rel had bilaterally small hippocampi, but no focal white matter atrophy was detected, indicating a limited effect of genetics. HS-TLE subjects had lateralized atrophy of most temporal lobe tracts, and hippocampal volumes in HS-TLE correlated with parahippocampal cingulum and anterior commissure atrophy, indicating an effect of the underlying pathology. Ipsilateral atrophy of the tapetum, uncinate, and inferior fronto-occipital fasciculus was found in both HS-TLE and MRI-neg TLE, suggesting a common lateralized effect of focal seizures. Both epilepsy groups had bilateral atrophy of the dorsal cingulum and corpus callosum fibers, which we interpret as a consequence of bilateral insults (potentially generalized seizures and/or medications). Interpretation: Underlying pathology, repeated focal seizures, and global insults each contribute to atrophy in specific tracts. Genetic factors make less of a contribution in this cohort. A multifactorial model of white matter atrophy in focal epilepsy is proposed.
age in MRI-neg TLE, there is a lower proportion of antecedent childhood febrile convulsions, 14, 15 and histological examination does not show the classical pattern of hippocampal neuronal loss. 16, 17 Genetic factors may contribute to the structural brain abnormalities in HS-TLE, and this can be isolated by investigating first-degree relatives of people with HS-TLE who do not have seizures themselves (HS-1 8Rel).
18
White matter abnormalities in TLE have previously been investigated with either volumetry of T1-weighted imaging, or microstructural analysis of diffusion-weighted imaging. Voxel-based morphometry in HS-TLE has shown widespread atrophy affecting bilateral temporal and extratemporal regions [19] [20] [21] [22] or a more restricted pattern involving the ipsilateral temporal lobe. 1, 4 Relatives of HS-TLE show the genetic traits of bilaterally small hippocampi 18 and reduced total white matter volume. 23 In MRI-neg TLE, no consistent alteration of white matter morphometry has been detected. 24 Previous diffusionweighted imaging studies of TLE have all employed the diffusion tensor model (DTI) within various analysis frameworks, although DTI examines only microstructural changes in the white matter and does not deal well with the crossing fiber problem. 25 Therefore, to assess atrophy of specific white matter tracts in this study we use the recently developed metric of fiber density and cross-sectional area (FDC) . 26 This measure is calculated from diffusion-weighted MRI, for each fiber population within a voxel (a fixel), 27 and combines the morphometric information of fiber crosssectional area (FC) with the microstructural information of fiber density (FD). 28 Thus, we investigate 3 well-defined cohorts (HS-TLE, MRI-neg TLE, and HS-1 8Rel) to determine whether genetics, the underlying disease process, and the effects of ongoing seizures produce injury to specific tracts.
Subjects and Methods

Participants
Patients with medically refractory unilateral TLE, between the ages of 14 and 65 years, were studied prospectively during workup for epilepsy surgery between 2007 and 2015, at the Austin Hospital, Melbourne, Australia. This included a subset of patients (17 HS-TLE and 16 MRI-neg TLE) for whom functional MRI data have already been reported. 29 The diagnosis of TLE was based on clinical history, video electroencephalographic (EEG) recording of typical seizures, and a congruent abnormality on nuclear medicine studies (temporal lobe hypometabolism on 18 F-fluorodeoxyglucose positron emission tomography, or ictal hyperperfusion on ictal-interictal single photon emission computed tomography). Patients with independent seizures from both left and right temporal lobes were excluded.
Routine clinical MRI acquired with our epilepsy protocol 30 were reviewed by both a neuroradiologist and an epileptologist. Patients were only included if there were characteristic features of unilateral hippocampal sclerosis (HS-TLE) or if the mesial temporal regions appeared normal and no other potentially epileptogenic abnormality was seen (MRI-neg TLE). Patients were excluded if there was previous neurosurgery or any other potentially epileptogenic intracranial abnormality. Twenty-nine HS-TLE and 28 MRI-neg TLE patients met inclusion criteria and consented to participate. Two MRI-neg TLE participants were excluded; 1 had inadequate image acquisition, and the other had subtle but pathological enlargement of the amygdala on subsequent imaging. To balance epilepsy groups for gender and epileptic side, 3 female patients with right HS-TLE were randomly selected and removed. The final analysis included 26 HS-TLE and 26 MRI-neg TLE subjects (Table) .
First-degree relatives of patients with HS-TLE, who had no personal history of seizures themselves, were drawn from our previous study. 18 Of 32 participants, 2 were excluded to meet age criteria, and a further 4 males were randomly selected and removed to balance the cohort for gender. The final analysis included 26 HS-1 8Rel participants drawn from 15 families. In 4 of these families (27%), the proband had a known firstdegree family history of seizures, compared to 8 families (31%) in the HS-TLE cohort. Healthy adult volunteers were selected from historical controls who had diffusion-weighted imaging performed at our institution. An equal number of males and females between the ages of 14 and 65 years of age were selected, resulting a group of 76 controls.
Consent was obtained from all participants, or their legal guardian in the case of minors. The study was approved by the Austin Health Human Research Ethics Committee.
MRI Acquisition
Diffusion-weighted images were acquired on a 3T Siemens (Erlangen, Germany) Tim Trio MRI scanner (60 directions, b value 5 3,000 s/mm 2 , 2.5mm isotropic voxels, echo time 5 110 ms, repetition time 5 8,300 ms, parallel acceleration factor 5 2). An anatomical T1-weighted magnetization-prepared rapid acquisition gradient echo image was also acquired (voxel size 5 0.9mm isotropic, repetition time 5 1,900 ms, inversion time 5 900 ms, echo time 5 2.6 ms, flip angle 5 9 8).
T1-Weighted Image Processing
Hippocampal volumes were evaluated by manual tracing on the coronal T1-weighted image, using ImageJ software, 18, 31 with operators blinded to subject group and side of the brain. Estimated total intracranial volume was calculated using FreeSurfer 5.3. 32 Volumes were compared between groups using a linear mixed model, with intracranial volume as a covariate and family membership as a random effect.
Diffusion Image Preprocessing
Diffusion images were analyzed using MRtrix3 33 (www.
mrtrix.org). Preprocessing included correction for head motion, bias fields, and spatial upsampling by a factor of 2. 28 Global intensity normalization was performed by scaling all volumes by the median intensity of white matter voxels on b 5 0 s/mm 2 images. The fiber orientation distribution (FOD) was calculated at each voxel using robust constrained spherical deconvolution 34 with a group average response function. 28 Patients with right-sided TLE had their FOD images flipped right-to-left, with reorientation of FOD lobes, so that the epileptic side was aligned across all patients. An equal proportion (50%) of participants within the control and HS-1 8Rel cohorts were randomly selected, stratified by gender and age-by-decade, and their FOD images flipped right-to-left also.
Study-Specific FOD Template and Tractogram
A left-right symmetrical study-specific FOD template was created from a subset of participants (12 HS-TLE, 12 MRIneg TLE, 12 controls), randomly selected with stratification for gender and epileptic side. FOD images (l max 5 4) and their left-to-right flipped mirror counterparts were repeatedly nonlinearly registered to the previous group mean. 35 The registration step included reorientation of the FOD. 36 This process was iterated until sufficient convergence of the group mean FOD image, obtained after 10 iterations. FOD images for all participants were then registered to this unbiased symmetrical template. Whole-volume probabilistic tractography was performed on the final group mean FOD image (at l max 5 8) to generate 20 million streamlines, and filtered to 2 million streamlines using the SIFT algorithm. 37 
Fixel-Based Calculation of FDC
The amplitude of an FOD lobe, at the relatively high b-value used here, is proportional to the volume of restricted water within axons of the given orientation, and can be interpreted as the apparent FD in that direction. 28 The FD is calculated for each fixel by integrating over the respective FOD lobe. 37 Additional valuable information about tract morphology is available from the registration of each image to the template. By considering the local expansion or contraction of the warp field perpendicular to the fixel orientation, a relative measure of the FC is obtained. 26 Multiplying FD and FC at each fixel gives a combined measure of the fiber density and cross-sectional area (FDC). 26 FDC is a more comprehensive measure of intra-axonal volume within a pathway, as it accounts for both microscopic axonal changes (detected as differences in diffusion signal) and macroscopic changes in a fiber bundle (detected as relative differences in the registration warps).
Fixel-Based Statistical Comparison between Groups
Statistical comparisons of FDC between groups were performed at each fixel, by one-way analysis of covariance with the contrasts of (1) HS-TLE versus controls, (2) MRI-neg TLE versus controls, and (3) HS-1 8Rel versus controls. Covariates of no interest were age, the estimated total intracranial volume, and whether the image had been flipped right-to-left. Connectivity-based fixel enhancement was used for statistical inference, using streamlines from the template tractogram and default parameters (smoothing 5 10mm full width at half maximum, C 5 0.5, E 5 2, H 5 3). 27 A corrected p value was assigned to each fixel using permutation testing, with 5,000 permutations and preserving family grouping within each permutation. 
Definition of Tracts of Interest
Seventeen named white matter tracts were selected for further characterization: the fornix, dorsal cingulum, parahippocampal cingulum, uncinate, arcuate, inferior fronto-occipital and inferior longitudinal fasciculi on each side, anterior commissure, bitemporal fibers of the tapetum (traversing the splenium of the corpus callosum), and bifrontal fibers traversing the anterior corpus callosum. For each tract, appropriate streamlines were selected from the template tractogram using a semiautomated rule-based approach, and used to create a fixel-mask.
Comparison of Mean FDC within Tracts of Interest
The weighted mean FDC was calculated for each tract of interest, by summing along each streamline, dividing by streamline length, and averaging over all streamlines. Each group was compared to controls using a linear mixed model (lme4, lsmeans, and pbrktest packages in R) with covariates for intracranial volume, age, and whether right-to-left flipped, and with family membership included as a random effect. 
Results
Clinical Findings
Patients with HS-TLE had a longer duration of epilepsy than those with MRI-neg TLE (mean 22.2 years vs 14.0 years, 2-tailed t test p 5 0.004; see Table) , reflecting generally earlier onset of epilepsy in the HS-TLE group. Frequency of focal and generalized seizures was not significantly different between the TLE groups. Most patients were on 2 or 3 antiepileptic medications. This was not significantly different between groups and included similar medications and dose ranges. Of the HS-TLE patients, 22 (12 right, 10 left) subsequently proceeded to anterior temporal lobe resection, with hippocampal sclerosis demonstrated in all, and a good outcome with respect to seizures in 86% (19 of 22) . In MRI-neg TLE, 8 patients (6 right, 2 left) proceeded to surgery, with 7 having anterior temporal lobectomy and 1 a focal posterior temporal resection. Seven had no evidence of hippocampal sclerosis or dysplasia; however, in 1 patient neuronal loss consistent with mild hippocampal sclerosis was found. A good outcome with respect to seizures was achieved in 63% (5 of 8).
Hippocampal Volumetry
In HS-TLE, the volume of the affected hippocampus was significantly smaller than in controls (Fig 1A; ). There was no significant difference between HS-TLE and controls at the contralateral hippocampus.
In MRI-neg TLE, hippocampal volumes were not different from controls (see Fig 1B; Volumes were also smaller than the contralateral hippocampus in HS-TLE (95% CI of difference 5 2155 to 2813mm
3 ).
Fixel-Based Analysis
Reduced white matter FDC was seen in both HS-TLE and MRI-neg TLE compared to controls. In the HS-1 8Rel group, no fixels were identified as significantly different from controls.
FIXEL-BASED ANALYSIS: HS-TLE VERSUS CONTROLS.
In HS-TLE, decreased FDC was seen ipsilateral to the epileptic focus in fixels of the fornix, uncinate fasciculus, inferior longitudinal fasciculus (ILF), inferior frontooccipital fasciculus (IFOF), parahippocampal cingulum, and arcuate fasciculus (Fig 2A) . Bilateral reduction was seen at fixels of the anterior commissure, tapetum, anterior corpus callosum, and dorsal cingulum (more ipsilateral than contralateral). The fixels showing greatest magnitude in reduction of FDC, typically 30 to 40% smaller than controls, were at the temporal pole, inferior temporal white matter, and anterior commissure. The reduction in FDC in most tracts was produced by both reduced FD and reduced FC. Exceptions were the fornix and anterior commissure, which are thin tracts only a few voxels across and show reduction primarily in FD.
FIXEL-BASED ANALYSIS: MRI-NEG TLE VERSUS CON-
TROLS. In MRI-neg TLE, lateralized reduction in FDC ipsilateral to the epileptic focus was seen in a small number of fixels, at the ILF and tapetum fibers of the affected temporal lobe. Bilateral reduction in FDC was more extensive, seen symmetrically in the tapetum, anterior corpus callosum, and dorsal cingulum bilaterally (see Fig 2) . The greatest FDC reduction was at the ipsilateral tapetum and bilateral dorsal cingulum (25% decrease). Reduced FDC in the corpus callosum and the tapetum was primarily a consequence of reduced FD. Reduced FDC in the bilateral dorsal cingulum bilaterally had similar contributions from FD and FC.
Tract of Interest Analysis
Within the tracts of interest, HS-TLE showed greatest atrophy at the ipsilateral uncinate, parahippocampal cingulum, fornix, arcuate, and anterior commissure ( Fig  3A) . The MRI-neg TLE group had mildly reduced FDC at the uncinate, but the remainder of these tracts were not significantly different from controls. Both HS-TLE and MRI-neg TLE showed similar atrophy at the bilateral dorsal cingulum, frontal corpus callosum, tapetum, and ipsilateral IFOF. The magnitude of FDC reduction here was similar in both forms of TLE (see Fig 3B) .
Left-right asymmetry in tracts of interest showed that atrophy was strongly lateralized to the epileptic side in HS-TLE (Fig 4) . This effect was strongest in the uncinate fasciculus, parahippocampal cingulum and hippocampal fornix. No significant asymmetry was seen in MRI-neg TLE, although a non-significant trend toward ipsilateral atrophy may be present at the uncinate fasciculus and ILF.
WHITE MATTER ATROPHY WITHIN TRACTS OF
INTEREST IN HS-1 8REL. The HS-1 8Rel group did not show any significant tract of interest atrophy compared to controls (see Fig 3) nor any significant asymmetry (see Fig 4) . However, in all tracts tested the group mean FDC was around 4 to 8% smaller than in controls, suggesting a global trend in this direction.
RELATIONSHIP BETWEEN HIPPOCAMPAL VOLUME AND ATROPHY WITHIN TRACTS OF INTEREST.
The post hoc linear model relating ipsilateral hippocampal volume to white matter atrophy showed a difference between groups at the ipsilateral parahippocampal cingulum (F 139,3 5 2.93, p 5 0.036) and at the anterior commissure (F 139,3 5 2.82, p 5 0.041). This was driven by the HS-TLE group, where a smaller affected hippocampus corresponded to the extent of white matter atrophy, a relationship that was not seen in controls (ipsilateral parahippocampal cingulum: 219.3% FDC per milliliter of hippocampal atrophy, 22.0% per milliliter in controls, p 5 0.028; anterior commissure: 29.6% FDC per milliliter of hippocampal atrophy, 14.4% per milliliter in controls, p 5 0.049). Surprisingly there was no detected difference between the groups for this relationship at the hippocampal fornix (F 139,3 5 0.80, p 5 0.49).
RELATIONSHIPS BETWEEN SEIZURE FREQUENCY, EPILEPSY DURATION, AND WHITE MATTER ATRO-
PHY. The linear relationships between seizure frequency and FDC, and between epilepsy duration and FDC, did not reach statistical significance at any of the tracts of interest. However, the estimated effect size for patient-reported seizure frequency was maximal at the bilateral dorsal cingulum in both epilepsy groups (around 21.4% per seizure/ month in HS-TLE and 20.8% per seizure/month in MRI-neg TLE). Epilepsy duration in HS-TLE had greatest effect size at the hippocampal fornix, ipsilateral parahippocampal cingulum, and anterior commissure (range 22.0% to 22.5% per decade of epilepsy). In MRI-neg TLE, the maximal effect of epilepsy duration was at the ipsilateral uncinate fasciculus, anterior commissure, and tapetum fibers (range 22.7% to 24.6% per decade of epilepsy).
Discussion
In this study, we considered HS-TLE as an archetype of focal epilepsy. Atrophy of specific white matter tracts was identified using the metric of FDC in temporal lobe tracts ipsilateral to the seizure focus (parahippocampal cingulum, uncinate, fornix, inferior longitudinal and inferior frontooccipital fasciculi, tapetum, anterior commissure), as well as in bilateral tracts that are less directly associated with the seizure focus (bilateral dorsal cingulum, frontal and parieto-occipital fibers of the corpus callosum).
To interpret these findings we applied the following premises: (1) abnormalities that are common to HS-1 8Rel and HS-TLE are likely to have a genetic basis and predate the onset of epilepsy, (2) abnormalities that are unique to HS-TLE compared to MRI-neg TLE are likely to be related to the underlying pathological process of HS, (3) correlation between severity of white matter abnormalities and amount of hippocampal atrophy is further evidence of a relationship to the underlying pathological process, and (4) abnormalities that are common to both HS-TLE and MRI-neg TLE are likely to be the consequence of seizures and/or antiepilepsy medications.
Common Abnormalities in HS-1 8Rel and HS-TLE: Weak Evidence for a Trend toward Diffuse Mild White Matter Atrophy as a Familial Trait? Bilaterally reduced hippocampal volumes in the relatives of people with HS-TLE (by 15%) indicates a familial trait with a likely genetic basis. 18 In HS-TLE, hippocampal atrophy was greatest at the affected hippocampus (by 38%), but no atrophy was found on the contralateral side. Although reduced contralateral volume might be expected in HS-TLE given our findings in the relatives, this was largely precluded by our recruitment criteria of strictly unilateral hippocampal atrophy in the HS-TLE group. An alternative speculative explanation may be that contralateral hippocampal volume increases in HS-TLE following the development of epilepsy. No significant white matter difference was found between HS-1 8Rel and controls, either in the fixel-based or in the tracts of interest analysis. However, there is a trend toward reduced FDC in HS-1 8Rel in all tracts studied (by 4-8%), indicating that a mild but diffuse reduction in white matter as identified by Scanlon et al 23 could also be present in our cohort. Overall, our interpretation is that the white matter atrophy found in HS-TLE is related to the disease and/or treatment, rather than primarily being a familial trait.
Unique Abnormalities in HS-TLE: Specific Associations of the Underlying Disease White matter atrophy in HS-TLE, but not in MRI-neg TLE, is found at the anteromesial temporal lobe tracts on the epileptic side: the ipsilateral parahippocampal cingulum, fornix, uncinate, ILF, arcuate, and anterior commissure (see Figs 2A and 3A) . Possible causative factors that are unique to HS-TLE include the occurrence of childhood febrile convulsions (more frequent in HS-TLE than MRI-neg TLE), the age of onset of epilepsy (earlier in HS-TLE), hippocampal pathology (neuronal loss and gliosis in HS, but minimal changes in MRI-neg TLE), and subtle differences in functional network abnormalities (with a mesial temporal rather than neocortical emphasis). 29 
Correlated Hippocampal Atrophy and White Matter Atrophy in HS-TLE: An Indicator of Common Causation in a Subset of Tracts?
In HS-TLE, the parahippocampal cingulum and the anterior commissure both show an association between the hippocampal volume and the extent of white matter atrophy. This proportional relationship between the extent of injury at these tracts and in the hippocampus suggests that a common cause is at work, with the underlying process driving hippocampal sclerosis also being a contributor to white matter atrophy in these tracts.
We did not find a correlation between hippocampal volume and the extent of atrophy at the corpus callosum or cingulum, unlike Scanlon et al. 8 This may relate to our different statistical approach, which employed a separate linear regression slope for each group. Otherwise, our results are in agreement with previous studies that have not shown any association between hippocampal volume and the ILF, uncinate or arcuate fasciculus, 38 or temporal lobe white matter. 39 It was surprising that we found no linear relationship at the ipsilateral fornix, given the well-established histological abnormalities of the fornix in HS-TLE. 40 This may represent a floor effect due to the severe epilepsy in our cohort and the extent of fornix atrophy.
Common Bilateral Abnormalities in HS-TLE and MRI-neg TLE: A Nonspecific Effect of Global Insults
Regions of common white matter atrophy were found in both forms of TLE at the bilateral dorsal cingulum, and at the interhemispheric fibers of the anterior corpus callosum (projecting symmetrically toward bilateral dorsolateral frontal cortex) and posterior corpus callosum (projecting symmetrically toward bilateral parietal cortex). Similar diffusion changes affecting the cingulum and/or corpus callosum have also been detected in other forms of epilepsy, including frontal lobe epilepsy with cortical dysplasia, 1, 3 and in a mixed cohort of both focal and generalized epilepsy, 41 suggesting that the causation is independent of both the underlying disease pathology and the location of the epileptic focus. The location and connections of these tracts make it difficult to explain this atrophy as a direct consequence of unilateral focal seizures in TLE, particularly as the expected connecting pathway from the temporal lobe of the parahippocampal cingulum appears to be relatively spared in MRI-neg TLE. Neither patient-reported seizure frequency nor disease duration showed a significant correlation at these tracts in our analysis, although a correlation with epilepsy duration has been found at the corpus callosum by some diffusion studies. 39, 42 Furthermore, greater change at the corpus callosum has been found with refractory versus benign epilepsy, 43 in association with bilateral temporal interictal epileptiform discharges, 44 as well as in an experimental rat model of focal epilepsy where no antiepileptic medications were used. 45 Thus, our interpretation is that atrophy in these tracts is likely to be a consequence of factors that have a bilateral and symmetrical impact, with generalized seizures, antiepileptic medications, and other global factors such as psychological and socioeconomic status all being possible causes.
Common Ipsilateral Abnormalities in HS-TLE and MRI-neg TLE: Focal Seizures as a Cause of Lateralized White Matter Atrophy A common unilateral finding in both TLE groups was reduced FDC of the ipsilateral tapetum, where this tract leaves the posterior temporal lobe (see Fig 2) . The spatial association of this tract with the expected seizure focus points to propagation of focal seizures as the possible cause. As the only finding that was clearly lateralized in MRI-neg TLE, targeted assessment of this region may be useful in future studies that aim to lateralize TLE on the basis of white matter atrophy. In the tract of interest analyses, the ipsilateral uncinate and IFOF were also abnormal in MRI-neg TLE, but as they did not show abnormal asymmetry, they are less likely to be useful markers for determining the epileptic side. The idea that recurrent focal seizures can cause localized chronic white matter injury has been widely discussed but remains controversial, with some longitudinal studies detecting no change. 46, 47 We did not find a significant association between FDC and the retrospective patient-report of seizure frequency, although this measure may not be an individually accurate estimate of the true number of events. 48 If seizures are assessed prospectively on EEG, white matter measurements at the ipsilateral uncinate, arcuate, and ILF in HS-TLE can be associated with time since last seizure, 38 indicating that seizure-related vasogenic edema can occur in propagation tracts. Other studies have compared lateralized diffusion abnormalities with duration of epilepsy and found ipsilateral correlations at the temporal lobe, parahippocampal gyrus, and internal capsule, 39 the uncinate and arcuate in left TLE, 49 or in the ipsilateral cingulum, fornix, and external capsule in right TLE. 50 Taken together, these findings support recurrent focal seizures as a cause of progressive ipsilateral white matter atrophy, but also that demonstrating this conclusively is susceptible to variability between cohorts and methodologies.
Factors Contributing to White Matter Atrophy: A Model for Focal Epilepsy Our findings in HS-TLE suggest a multifactorial model for the development of tract-specific white matter atrophy in focal epilepsy (see Fig 5A) . Genetic factors predisposing to HS-TLE are associated with bilaterally small hippocampi but produce minimal white matter change. An initial triggering insult, such as a febrile convulsion, may cause both gray and white matter injury at the hippocampus and closely related tracts (especially the parahippocampal cingulum and anterior commissure), with the development of epilepsy (Fig 5B) . Repeated focal seizures may cause progressive white matter injury in tracts radiating away from the seizure focus (eg, the tapetum, uncinate fasciculus, and IFOF) (Fig 5C) . Meanwhile, repeated global insults such as generalized seizures and/or the effects of medications contribute to bilateral changes in tracts distant from the focus, particularly at the bilateral dorsal cingulum and the corpus callosum (Fig 5D) . Several aspects of this model require further validation, as the main limitation of this study is its crosssectional design. Longitudinal studies in both human focal epilepsy and in experimental animal models will be needed to further isolate and confirm the consequences of repeated focal seizures, generalized seizures, and antiepileptic medications in specific white matter tracts.
